This suggested an intuitive and simple model in which show that unlike rifampicin and rifapentin, and con-RFP sterically blocks synthesis of an RNA product tradictory to the steric model, rifabutin inhibits formalonger than 3 nt, and all β substitutions that confer retion of the first and second phosphodiester bonds.
with their patterns of RNAP inhibition. While our data do not exclude the steric model as a critical step of the Rifs' inhibition mechanism, they argue that Rifs also inhibit transcription at earlier steps through an allosteric signal that disfavors binding of the Mg 2+ ion in the active site, thus slowing down catalysis and facilitating dissociation of short RNA transcripts. This model adequately explains observations that are at odds with the steric-block mechanism.
Results and Discussion

Different Mode of Tail Attachment Confers Differential Effects on Transcription
Differential bactericidal effects of Rif tails were thought to result from different permeability of bacterial cell walls to individual rifamycins (Brufani et al., 1982) . However, direct differential effects on transcription were also noted (Wehrli and Staehelin, 1969). In order to directly assess the impact of tail variations, we compiled a set of rifamycins that differ in the structure and position of tail attachment and tested their effects on transcription by E. coli RNAP in vitro (Figure 1B 
Structures of RNAP/Rif Complexes
To ascertain whether structurally different Rifs make distinct contacts with the enzyme, we obtained crystals of ttRNAP holoenzyme with Rifs from each class, RPN and RFB. We chose RPN for structural studies because (w2%) in all unit cell parameters that make them nonisomorphous with the previous crystals (Vassylyev et al., 2002) . To ensure adequate comparison of the of RPN and RFB in complex with the T. thermophilus RNAP holoenzyme (ttRNAP) and performed systematic ttRNAP/Rif complexes with the apo-holoenzyme, we collected diffraction data and refined the structure of analysis of Rif-RNAP contacts. Third, we showed that distinct contacts of RPN and RFB tails to σ correlated the native apo-holoenzyme in this crystal form at 2.8 Å resolution (R factor = 23.1%, R free = 26.8%) in addition high-affinity Mg 2+ ion, bound to the catalytic β' Asp residues (positions 460, 462, and 464; throughout the text, to the RNAP/RPN (R factor = 23.0%, R free = 26.7%) and RNAP/RFB (R factor = 22.5%, R free = 25.7%) structures the Escherichia coli numbering is used) was absent from all four independent RNAP molecules from the two refined at 2.5 Å resolution (Table 2 and Figure S1 ). This crystal form exhibited only one significant difference Rif complexes. In contrast, this ion was observed in all previous multisubunit RNAP structures, as well as in from published ttRNAP structures-the bridge helix was uniform (straight), in contrast to the previously obisomorphous apo-holoenzyme crystals as revealed by the difference electron density (ED) built using |F nati − served, locally distorted (with the two residues flipped out of the helix) conformation (Vassylyev et al., 2002).
F rif | coefficients, where F nati and F rif are the structure factors for the apo-holoenzyme and Rif complexes, This difference, however, was observed in all three structures and therefore cannot be attributed to the respectively, and the phases are from the partially refined apo-holoenzyme structure (Figure 2A) . The same Rifs' binding (Supplemental "RNAP structure").
As . Surprisingly, although high concentrations of magnesium formate (w15 mM) and a nearly icus RNAPs, whereas the evolutionarily distant E. coli sequence is 82% identical and 90% homologous to physiological pH (6.5) were used for crystallization, the Figure 3A) . The crucial differences between the ttRNAP ttRNAP conformation far more closely than the previously published taqRNAP/RFP complex (Campbell et and taqRNAP polar contacts with Rifs involve βArg529, βGln513, and βHis526, which form three, four, and two al., 2001). In particular, the βAsp516/RFP hydrogen bond is also missing in the updated taqRNAP/RFP hydrogen bonds with four Rif oxygen atoms in ttRNAP, respectively; only one such bond is formed by each of structure. However, significant differences in Rifs contacts still remain between the ttRNAP/Rifs and the imthese residues in taqRNAP. These oxygen atoms are known to be essential for Rif inhibition (Bacchi et al., proved taqRNAP/RFP structures. The ttRNAP/RPN and ttRNAP/RFB complexes also 1998) and are rigidly fixed by the Rifs' backbone. Furthermore, βArg529, βGln513, and βHis526 form addirevealed contacts between the antibiotics and the σ subunit that were strikingly different in RNAP1 and of the ED, nearly equal B factors, and nearly identical orientations suggest that RFB and RPN bind equally RNAP2 (Figures 4A and 4B) . In RNAP1, the σ hairpin loop (σHL, E. coli σ 70 residues 508-519) closely apwell to RNAP1 and RNAP2 and that their contacts with σHL contribute little to the binding affinity, a prediction proached bound Rifs while the σAsp513 side chain formed nearly identical hydrogen bonds with O4 and which is supported by our biochemical data (see below). The proximal and distal orientations (with respect O5 of RPN and RFB. In RNAP2, the σHL was distant from the rings and interacted specifically with the RFB to the Rif binding site) of the σHL were observed in all previous ttRNAP structures and thus are likely unretail; in contrast, it formed only nonspecific van der Waals contacts with RPN. Figures 3B and 3C) ; thus substitutions concentrations ( Figure 5B) . to a smaller Val or isosteric Asn should not dramatically affect the Rif affinity. Indeed, these substitutions con-␤-Mediated Allosteric Signal The proposed σ-mediated signal explains the Rifferred strong resistance to RFP in vivo while retaining sensitivity to RFB in vivo and significant binding (w25% induced allosteric effect on the first bond formation. However, the σ ⌬HL RNAP is susceptible to inhibition at of wild-type RNAP) to RFP in vitro ( Figure 3A and Supplemental Data, Binding of RFP to RNAP Variants and the consecutive steps, suggesting another allosteric pathway from the Rif binding to the RNAP active site. Figure S2 ). In contrast, three RNAP variants that displayed a dramatic loss of RFP binding (3%-5% of wildApart from the already noted contacts with the σHL, the Rif binding site consists exclusively of β subunit type RNAP; Figure 3A and Supplemental Data, Binding of RFP to RNAP Variants and Figure S2 ) were substanresidues. Over the years, many Rif-resistant rpoB mutants were isolated as a result of mutagenesis and setially more sensitive (10-to 1000-fold) to RFP than β D516V/N enzymes. Two of these variants (as well as lection or during analysis of clinical samples. While the majority of substitutions occurred at positions involved the β D516V/N RNAP mutants) did not confer significant growth defects in the absence of antibiotics, thereby in direct contact with the rifamycin body, several vari-suggesting that their strong resistance to RFP (equal to pendent on the orientation of the Rif tail. Indeed, RFB, whose tail has unique contacts with σHL, blocks the that of β D516V/N ) cannot be attributed solely to the lower first bond formation, thereby relying largely on the σ viability (see details in Supplemental Data, Binding of pathway. Truncation of σHL, which likely disturbs the σ RFP to RNAP Variants). Together, these observations pathway, restores the first bond formation in the pressuggest that βAsp516 affects Rif action allosterically. ence of RFB. At the same time, σ deletion had no effect Taking βAsp516 as a reference, we have traced a putaon the inhibition of the second bond by either Rif. In tive pathway from this residue toward the active site.
turn, mutations that disrupt the β pathway (β D516V ) conRemarkably, βArg687 (Thr in T. thermophilus), which ferred resistance to RFP, which inhibits only the sechas direct contacts with βAsp516 and whose substituond, but not the first, bond formation, while retaining tion to His is RFP resistant (Jin and Gross, 1988 al., 1998). and βLeu1235, which form a hydrophobic core with
The allosteric mechanism proposed here resolves βLys1066 and βLys1074, the latter two residues making practically all the discrepancies between the proposed direct contacts to the active site loop. We constructed steric mechanism and functional studies of Rif inhibia β L1235A variant that lies in the putative signal transtion. In particular, it explains the differential response of duction pathway far away from both the Rif binding and some rpoB mutants to Rifs in vivo, effects of Rif tails active sites. To provide further validation of the modon transcription in vitro, and the differential RFP resiseled allosteric pathway, we also substituted two other tance of the holoenzymes with alternative σ factors residues (β N684A and β M681A ) that are located near (Wegrzyn et al., 1998) . Finally, the RFP-induced loss of βLeu1235 and at approximately the same distance from the catalytic Mg 2+ ion, rather than a simple steric hinthe Rif binding site but do not contribute to the network drance of the RNA extension, helps to provide a unified of interactions allosterically linking the Rif binding and explanation to a seemingly unrelated and surprising set active sites.
of observations, such as (1) inhibition by RFP of RNA According to our expectations, we found that β Table S1 ).
Most steric mutants attack the Rif portion consisting Mg 2+ ion binding it could affect inhibition of transcription even before the RNA/DNA hybrid is long enough to of three planar rings, which cannot adopt any alternative conformation and are therefore exceedingly inflexicollide with RNAP bound Rif (as can be the case with inhibition of the first phosphodiester bond by RFB). As ble. Moreover, this substructure defines to a large extent the overall Rif conformation. Thus, one apparent a weak Lewis acid, Mg 2+ is ideally suited for catalysis of phosphodiester bond formation, while precise coorway to decrease sensitivity to steric mutations is to replace the ring portion of Rif with a more flexible strucdination by invariant Asp residues accounts for much of the stereo-and enantioselectivity of the catalyzed ture retaining all the necessary hydrogen bonding de-
